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We have discovered unusual behavior of polymer coils in a binary solvent (nitroethane+isooctane)
near the critical temperature of demixing. The exceptionally close refractive indices of the solvent
components make the critical opalescence relatively weak, thus enabling us to simultaneously ob-
serve the Brownian motion of the polymer coils and the diverging correlation length of the critical
fluctuations. The polymer coils exhibit a collapse-reswelling-expansion-reshrinking transition upon
approaching the critical temperature. While the first stage (collapse-reswelling) can be explained
by the theory of Brochard and de Gennes, the subsequent expansion-reshrinking transition is a new
unexpected phenomenon that has not been observed so far. We believe that this effect is generic
and attribute it to micro-phase separation of the solvent inside the polymer coil.
PACS numbers: 05.70.JK, 61.25.he
Collapse of polymer coils in a poor solvent and its
swelling in a good solvent is undoubtedly one of the most
famous phenomena in polymer science [1, 2]. In addi-
tion, Brochard and de Gennes have predicted collapse
and reswelling (to the original size) of a polymer coil in a
mixture of good solvents near the consolute critical point
due to the growing correlation length of the critical fluc-
tuations and preferential adsorption of the better solvent
[2, 3]. This effect has been qualitatively confirmed by
computer simulations [4–10] and by three experiments
[11–13]. However, there is still an important question re-
garding the adequacy of the theory of Brochard and de
Gennes. An essential feature of the theory of Brochard
and de Gennes is the assumption that the polymer is
well soluble in both mixture components. In this case
the critical temperature would decrease with increasing
polymer concentration for an upper critical solution point
and would increase for the case of a lower critical solu-
tion point, thus always shrinking the two-phase domain.
Since demixing of the solvent means a significant differ-
ence in the molecular interactions of the components, one
component is usually a significantly better solvent for a
polymer than the other one. Therefore, this assumption
is not commonly valid. Indeed, in the systems investi-
gated in Refs. [11–13] the two-phase liquid-liquid domain
increases with the addition of a polymer so that they do
not satisfy the assumption of Brochard and de Gennes.
Furthermore, in a previous fluorescence-correlation spec-
troscopy study of the hydrodynamic radius of a polymer
coil [12] and in a small-angle neutron scattering study of
the radius of gyration [13], the opalescence was experi-
mentally eliminated, so that the correlation length of the
critical fluctuations in the polymer solution could not be
compared with the dimensions of polymer coils.
The initial motivation of our study was to quantita-
tively verify the theory of Brochard and de Gennes for a
typical near-critical binary liquid, in which one compo-
nent would be a good solvent or a theta solvent, while the
second component would be a poor solvent. Moreover,
we intended to establish a relation between the correla-
tion length and the coil dimensions. However, we have
also discovered a new unexpected phenomenon that has
not been observed so far.
In our work the exceptionally close difference between
the refractive indices of the solvent components, ni-
troethane and isooctane (∼0.002), makes the critical
opalescence relatively weak (while still reliably measur-
able very close to the critical point) [14], thus enabling
us to simultaneously observe the Brownian motion of the
polymer coils and the diverging correlation length of the
critical fluctuations.
Four polymer samples were used in the study:
polystyrene 25,000 g mol−1 with Mw/Mn=1.06 (PS-25);
polystyrene 50,000 g mol−1 with Mw/Mn=1.06 (PS-50);
polystyrene 123,000 g mol−1 with Mw/Mn=1.08 (PS-
123); and poly(butyl methacrylate) 180,000 g mol−1 with
Mw/Mn=1.12 (PBMA-180). Polystyrene was purchased
from Alfa-Aesar and PBMA from Scientific Polymer. An-
alytical grade nitroethane and isooctane with a purity of
99.5% were purchased from Alfa-Aesar. All samples were
studied at the critical concentration, 53.5%mass of isooc-
tane [15]. The solutions were filtered through Millipore
20 nm filters at about 5 ◦C above the critical tempera-
ture.
A dynamic light-scattering technique was used to mea-
sure both the hydrodynamic radius of polymer coils in
the dilute solutions (away from and close to the critical
point) and the correlation length (close to the critical
point). The method and the instruments have been de-
scribed elsewhere [16, 17]. All measurements were per-
formed at a scattering angle of 20◦. The temperature
was stabilized within about ±0.003 ◦C.
2In the close vicinity of the consolute critical temper-
ature in the presence of polymers, double-exponential
time-dependent autocorrelation functions, g(τ), were
found:
g(τ)− 1 = [A1exp(−Γ1τ) +A2exp(−Γ2τ)]
2, (1)
where Γ1 and Γ2 are the decay rates. In the mix-
ture without polymer, only single-exponential correlation
functions were observed. The hydrodynamic radius of
the polymer chains, Rh was calculated from the Stokes-
Einstein relation
Rh =
kBT
6piηq2
Γ1, (2)
while the correlation length of the critical fluctuations
was calculated from the mode-coupling equation (see Ref.
[16]):
ξ =
kBT
6piηq2
Γ2K(qξ). (3)
In Eqs. (2) and (3) kB, T, η and q are the Boltz-
mann constant, temperature, viscosity of the solvent, and
the wavenumber, respectively, q = (4pin/λ)sin(θ/2), λ
is the wavelength of the incident light in vacuum, n is
the refractive index, θ is the scattering angle. The func-
tion K(qξ), is the universal Kawasaki function K(qξ) =
3/4{1+ (qξ)−2 + [qξ − (qξ)−3]}[tan−1(qξ)] [16]. The vis-
cosity and refractive indices of the mixed solvent were
taken from Refs. [15, 18], the refractive indices of ni-
troethane and isooctane are from Refs. [19, 20]. A more
detailed analysis of experimental data is given in Section
1 of the Supplemental Material [21].
The hydrodynamic radii of polymer chains as a func-
tion of the temperature distance from the critical point
are shown in Fig. 1. For all polymer solutions stud-
ied, the coil size does not change, when the correlation
length is smaller than the hydrodynamic radius of a poly-
mer coil. When the correlation length becomes com-
parable with or larger than the hydrodynamic radius,
the polymer chains collapse. Upon further increase of
the correlation length, the polymer coils reswell. This
collapse-reswelling behavior is consistent with the theory
of Brochard and de Gennes [3]. However, unlike the pre-
diction of this theory, the reswelling does not terminate
at the original size. Instead, the coils expand beyond the
original size and shrink again in the immediate vicinity
of the critical point. The temperature of this unexpected
expansion-reshrinking transition is shifted closer to the
critical temperature with increase of the polymer molec-
ular weight. This is why for PBMA-180 (Fig. 1(d)) and
in earlier studies [12, 13] the final reshrinking to the orig-
inal size was not fully observed. This new phenomenon is
fully reproducible. In particular, independent runs upon
cooling and heating (Fig. 1(c)) yield identical results
within the uncertainty of the measurements.
The nitroethane+isooctane mixture has an upper crit-
ical solution temperature [14, 15] and the addition of a
polymer increases the critical temperature, thus again
contradicting the major assumption in the theory of
Brochard and de Gennes. The behavior of the critical
temperatures for the studied systems is shown in Fig. 2.
We note that the difference between the critical tem-
perature Tc(c) of the polystyrene solutions and the criti-
cal temperature T 0c of the pure binary solvent, becomes a
universal function of the polymer concentration c, when
this temperature difference is reduced by the degree of
polymerization N (the number of monomers in the coil).
This universality is caused by the proportionality be-
tween the number of monomers in the polymer coil and
the polymer-solvent interaction energy.
The diverging correlation length of the critical fluctu-
ations as a function of temperature for all the studied
samples is shown in Fig. 3(a). We confirm the result
of Garrabos et al. [18], obtained from a static light-
scattering experiment for the nitroethane+isooctane
mixture without a polymer, that the correlation length
satisfies the asymptotic Ising-like critical behavior, ξ =
ξ0t
−ν , t = (T − Tc)/Tc with the universal critical ex-
ponent ν = 0.63 ± 0.01. This behavior persists for all
polymer samples studied and, in disagreement with Ref.
[11], we do not find a tendency to the mean-field expo-
nent ν = 1/2. However, the amplitude of the correlation
length, ξ0, depends on the molecular weight and poly-
mer concentration, as shown in Fig. 3(b). Moreover, the
ξ0 values obtained for the polystyrene samples follow a
universal behavior when the concentration is rescaled as
cN2 (See Section 2 in the Supplemental Material [21]).
From Figs. 1-3 we see that all properties strongly de-
pend on the polymer molecular weight and concentra-
tion. To investigate the possibility of a better represen-
tation of the observed transformation of polymer coils
we rescaled the measured hydrodynamic radii and the
correlation lengths, reducing them by the “native” (far
from Tc) hydrodynamic radius, R
0
h. The result of such
rescaling, shown in Fig. 4(a), demonstrates a significant
degree of universality in the observed phenomenon. The
polymer coils begin to collapse when ξ/R0h ≈ 1, reach the
minimum size when ξ/R0h ≈ 2 and expand to a maximum
size when this ratio is about 5. However, the magnitudes
of the collapse and expansion remain dependent on the
molecular weight and the nature of polymer.
Two questions arise: (1) What is the connection of the
observed first collapse (between ξ/R0h ≈ 1 and ξ/R
0
h ≈ 2)
and the theory of Brochard and de Gennes? (2) What is
the origin of the following expansion and final relaxation
to a near-original size at a further approach to the critical
temperature? While a coherent theory of this new phe-
nomenon reported in this Letter is yet to be developed,
we suggest a plausible interpretation.
Since for a linear-chain molecule the hydrodynamic ra-
dius (Rh) is proportional to the radius of gyration (Rg)
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FIG. 1. The dependence of the hydrodynamic radius Rh of polymer coils on the temperature distance from the critical point.
(a) PS-25 (0.05% and 0.01% mass); (b) PS-50 (0.025% and 0.05% mass); (c) PS-123 (0.01% mass); (d) PBMA-180 (0.04%
mass). The behavior of the correlation length ξ is shown by the corresponding dotted and dashed curves.
[22], in our further discussion of the theory we will not
make a distinction between these two quantities with re-
spect to how they scale with molecular weight. It is
expected that Rg/Rh of polystyrene chains is between
1.5 and 1.6 for the nitroethane-isooctane mixture. The
fact that the chain collapse begins to be detectable when
ξ = Rh = 0.6Rg is in full agreement with the explanation
of Brochard and de Gennes that the collapse begins when
the correlation length becomes of the order of the radius
of gyration (See details about Rg/Rh in Section 3 of the
Supplemental Material [21])
A simplified explanation of the effect predicted by
Brochard and de Gennes is as follows [3]. The value of the
excluded volume v controls the dimensions of polymer
coils in a dilute solution. In a good solvent the excluded
volume is positive and the coil is swollen. In a poor sol-
vent v is negative and the coil collapses. However, near
the critical point of a good binary solvent the growing
correlation length will enhance the preferential adsorp-
tion of one of the components, increasing the attraction
between the monomers, and reducing the excluded vol-
ume. In first approximation, the effective excluded vol-
ume v˜ (proportional to the second virial coefficient in the
Flory theory [1]) reads:
v˜ = v −D2χ (4)
where D is the the strength of the preferential adsorption
and χ(ξ, q) = χ(t, ξ, Rh) is the osmotic susceptibility. If
ξ/R0h ≪ 1, the susceptibility in the Ornstein-Zernike ap-
proximation is χ ∝ t−2ν ∝ ξ2 [17]. When ξ/R0h ≫ 1, the
growth of the susceptibility inside the coil should saturate
because of the finite-size effect in the limit qξ ≫ 1, with
q ∝ R−1h , as χ(ξ, q) ∝ t
−2ν [1 + (qξ)2]−1 (not included in
the theory of Brochard and de Gennes). Therefore, the
first stage of the observed phenomenon (the initial col-
lapse and reswelling) can be qualitatively explained by
the theory of Brochard and de Gennes. However, the fol-
lowing significant expansion of the chains, well above the
original dimension, contradicts this theory. A possible
explanation is elucidated in Fig. 4(b). We believe that
the observed anomaly is caused by micro-phase separa-
tion inside the polymer chain. The initial shrinking of
polymer chains can indeed be explained in terms of the
theory of Brochard and de Gennes: the growing corre-
lation length generates a negative term in the excluded
volume. The initial collapse results in the increase of
monomer concentration inside the chain and shifting the
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FIG. 2. (a) Dependence of the critical temperature on poly-
mer concentration; (b) universal scaled relationship between
the shift of the demixing critical temperature in the PS so-
lutions with respect to the value in the pure binary solvent
reduced by the degree of polymerization (N ) and polymer
concentration.
inside critical temperature into the one-phase region of
the bulk sample, so that (T − Tc)in < (T − Tc). This
effect causes a subsequent transformation of the chain,
which is fundamentally different from the reswelling pre-
dicted by Brochard and de Gennes. When, in accordance
with Eq. (4), the polymer coil starts to collapse, the
concentration of monomers in the coil increases, reach-
ing its maximum value at (T − Tc)in = 0, meaning that
the critical point inside the coil is reached at a positive
value of (T − Tc), at which the bulk phase is still ho-
mogeneous. Upon subsequent decrease of the temper-
ature, micro-phase separation will occur inside the coil
with one micro-phase enriched with nitroethane (good
solvent) and the other one with isooctane (poor solvent).
At negative (T − Tc)in the coil contains a droplet of the
poorer solvent (enriched with isooctane), which pushes
the coil to expand, possibly due to a critical Casimir force
[10]. In the expanded chain, the overall monomer con-
centration becomes smaller than that in an undisturbed
chain. As a result, (Tc)in returns to Tc of the bulk sam-
ple, the micro-phase separation disappears, and the chain
reshrinks.
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FIG. 3. (a) Asymptotic divergence (ξ = ξ0t
−0.63, shown by
dotted curves) of the critical correlation length near the crit-
ical temperatures of different polymer solutions; (b) ampli-
tudes of the correlation length for the same solutions.
According to the theory of Brochard and de Gennes,
a polymer coil is ideal far away from the critical point
(Rg ∝ N
1/2), becomes a globule (Rg ∝ N
1/3) in the
most-collapsed state, and becomes ideal again at the crit-
ical point. One of the components of our mixed solvent,
isooctane, is a typical poor solvent for PS (v < 0) but
relatively close to a theta-solvent (v = 0) for PBMA [23].
The other component, nitroethane is likely between a
poor-solvent and a theta-solvent for both PS and PBMA.
Nevertheless, the PS coils in the mixed solvent demon-
strate almost ideal (v ≈ 0) behavior (See Supplemental
Material, Section 3 [21]). The hydrodynamic radius Rh
and the scaling exponent m in the power law, Rh ∝ N
m,
for PS coils at different conditions are shown in Table I
and Section 3 of the Supplemental Material [21].
The fact that the PS coils in the mixed solvent away
from the critical point are more ideal than in the pure liq-
uid components is attributed to the effect of co-solvency
caused by unfavorable nitroethane-isooctane interactions
[4]. The same effect was also found previously in a
mixture of polyethylene oxide with tertiary butanol and
water away from the critical point [24]. At the most-
collapsed position, the exponent m is close to 1/3, which
indicates that the coils tend to become a globule. At the
510 1
0.4
0.6
0.8
1.0
1.2
1.4
1.6
PS-50 (0.025%)
PS-123 (0.01%)
PBMA-180 (0.04%)
PS-50 (0.05%)
PS-25 (0.05%)
PS-25 (0.1%)
PS-123 (0.01%) heating
0
h
h
/
R
R
0
h/ Rx
0.01 0.1 1
cin-c
0
0
h h
/R R
int
*
(b)(a)
0 1/
h( / )t R
nx* -=
1
FIG. 4. (a) Scaled relationship between the hydrodynamic radius of polymer coils and the correlation length of the critical
fluctuations for different polymer solutions (R0h is hydrodynamic radius of a polymer coil for each solution outside the critical
region); (b) qualitative interpretation of the collapse-reswelling-expansion-reshrinking transition by the relationship between the
scaled hydrodynamic ratio (Rh/R
0
h, solid curve), the excess concentration inside the coil (cin/c, dashed curve), and the rescaled
distance to the critical temperature inside the coil and bulk sample: t∗ = (T −Tc)/Tc(ξ0/R
0
h)
ν and t∗in = (T −Tc)in/Tc(ξ0/R
0
h)
ν
(t∗in, dotted curve).
TABLE I. Hydrodynamic radius (Rh nm) and the power-law
exponent m in molecular-weight scaling of polystyrene coils
PS-25 PS-50 PS-123 m
Nitroethane1 3.11±0.30 4.09±0.40 6.15±0.60 0.47±0.01
Mixed solvent13.40±0.35 4.54±0.40 7.42±0.68 0.49±0.01
Lower phase2 / / 6.45±0.60 /
Collapsed 2.55±0.28 3.40±0.30 4.78±0.51 0.39±0.01
Expanded 4.40±0.20 6.54±0.20 10.6±0.51 0.55±0.01
1 50 ◦C
2 in the two-phase region at 25 ◦C; the lower phase contains
mainly nitroethane
most-expanded position, m is greater than 1/2, which
means that the coils occupy larger volumes than in the
ideal condition.
In conclusion, we want to emphasize the unusual na-
ture of the expansion of a polymer coil in the crit-
ical region of a mixed solvent well beyond the ideal
(Rh ∝ Rg ∝ N
1/2) dimension. This expansion is not
a well-known swelling of polymer coils in a good solvent
(Rg ∝ N
3/5 in the mean-field approximation) [1, 2]. In-
stead, the effect is probably caused by liquid-liquid sep-
aration inside the coil, which, in turn, is driven by the
initial collapse of the coil.
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